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Abstract 
These lectures are an introductory course on CP violation. They 
are focused on the Cabibbo Kobayashi Maskawa (CKM) paradigm 
which allows for CP violation effects in the weak mixing matrix of 
the standard model. After a review of the theoretical background 
and of the comparison with present experimental data, these lec-
tures discuss the new perspectives opened by iP and B factories. 
1. First lecture: the parametrization 
The simplest case where CP violation occurs is the neutral Kaon system. Without 
weak interactions, the states: 
(1) 
formed in a static quark picture of a ( ds) and ( ds) pair respectively, are the mass eigen-
states. 
When weak interactions are turned on, but CP is conserved, they are no longer mass 
eigenstates because charged weak currents can turn jK0 > into a j.k0 >. 
CP conservation imposes that the new combinations of jK0 > and j.k0 > which will 
become mass eigenstates must be CP eigenstates. The action of CP on the old mass 
eigenstates is: 
CPjK0 >= ei""jK0 > 
where the phase c.p is chosen to be zero in these lectures. The new eigenstates are 1): 
IKs >= (IK 0 > +IK0 > )/../2 
IKL >= (IK0 > -IK0 > )j../2 
(2) 
(3) 
which are eigenstates of the CP operator with +1 and -1 eigenvalues, respectively. The 
dominant decay modes of the new eigenstates are two and three pions and, in the latter 
1) the tilde indicates that those are not the real mass eigenstates in presence of CP 
violation 
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case ( IKL > ), phase space severely penalizes the decay rate. The two states have then 
quite different lifetimes and are called "short" and "long". CP violation occurs if the 
IKL > decays into a two pion state. 
Strong interactions produce jK0 > or jk0 > states, i.e. a mixture of the mass 
eigenstates: only the long component survives long times and then a two pion decay 
represents a proof of CP violation. 
This was the signal used in a first series of experiments. The group formed by J .H.Christen-
son, J.W.Cronin, V.L.Fitch and R.Turlay [1] found CP violation as an excess of events at 
the 7r+ 7r- invariant mass corresponding to the KL state in the direction of the incoming 
beam. The results are shown in figure 1: the background is due to a standard three pion 
decay where the neutral pion has been missed. The same type of signal in the neutral pion 
channel was found by Holder et al. [2]: the results are shown in figure 2: also in this case 
the background is due to events where an extra neutral pion has escaped its observation. 
A second class of experiments monitors the charge asymmetry AK' in IKL > semileptonic 
decays: 
(4) 
The results from ref. [3] are shown in figure 3. The signal is the one at large times where 
only the KL components contributes: at shorter times the intereference pattern between 
IKs > and IKL > states does produce an asymmetry without CP violation. 
The interference between IKs > and IKL > states can also be used to test CP violation 
and in particular the phase of the ratio of CP violating over CP conserving amplitudes: 
this is the method followed in the last class of experiments [5, 6]. 
Define: 
_ A(KL--+ f) 
TJJ = A(Ks --+ f) 
where f can be a pair of either two charged or two neutral pions. 
The quantity TJJ is a complex number: 
(5) 
(6) 
The interference occurs either close enough to the target where a coherent mixture 
of IKs >and IKL > states is produced by strong interactions or when the KL beam passes 
through a "regenerator" where it interacts strongly and regenerates a Ks component. 
The formalism is the one of a usual two state system in quantum mechanics where the 
Hamiltonian eigenstates are IKs > and IKL >: the expression of jK0 > and j.k0 > in 
terms of the eigenstates can be trivially obtained by inverting eq.(3). 
The number of pion pairs produced at time t by a beam which was at time 0 purely a 
jK0 > state is obtained from the modulus square of the wave function of the state at 
time t which is a superposition of the jK8 > and IKL > states, each multiplied by the 
corresponding amplitude for the decay into two pions: 
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II quantity I experimental value II 
Re~ (23 ± 7) . 10-4 (N A31) 
£ 
(7.4 ± 5.9) . 10-4 (E731) 
<P+- - <Poo ( -0.2 ± 2.6 ± 1.2)0 (N A31) 
(1.6 ± 1.0 ± 0. 7)0 (E731) 
AKL (3.27 ± 0.12) . 10-3 
1"1+-1 (2.268 ± 0.023) . 10-4 
<P+- (42.8 ± 1.1)0 
Table 1: Experimental results of CP violating quantities in the Kaon system 
The last term is due to interference. The experiment of ref. [4] was able to measure 
precisely the interference pattern and to deduce from a fit to the data the value of the 
CP violating phase ¢(see figure 4). 
Data on CP violation give information on five independent quantities: 
- A(KL ~ 7r+7r-) - I I i¢ -
"1+- = = "1+- e + A(Ks ~ 1r+1r-) 
def 
= t:+ E' 
"loo 
- A(KL ~ 7ro7ro) - i¢oo 




_ r(KL ~ 7r-l+vz)- f(KL ~ 1r+z-vz) 
- f(KL ~ 7r-l+vz) + f(KL ~ 7r+l-vz) (8) 
The main features of the results are: 
i) 1"1+-1 ~ l"lool 
ii) ¢+- ~ <Poo and AKL ~ 2Re( "1+-) 
More precisely, the ratio l"l+-l"lool 2 gives the real part of t:'/t: while the difference of the 
phases ¢+- - ¢ 00 gives its imaginary part. 
Table 1 contains a list of the latest results: for the last entry ( 4>+-) the old values have 
been corrected for the new value of bm of ref [6]. 
These result allow to conclude that: 
i) E1 is small, i.e. CP violation mainly occurs in the interactions with !!iS = 2 (S = 
strangeness), 
ii) CP violation coexists with CPT conservation. 
In order to understand these implications of the experimental results, we need to 
generalize the analysis of the Kaon system to the case where there are both CP and CPT 
violations. Consider the two kaon system in the basis of the IK0 > or IK0 > states: a 
generic state will be then represented by: 
( ~ ) = aiK0 > +t3IK0 > (9) 
Its time evolution is governed by the Schroedinger equation: 
(10) 
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where H can be decomposed into an hermitean and an anti-hermitean part: 
H = M- if/2 (11) 
with M and r hermitean matrices. The presence of a non hermitean part will imply a 
loss of probability due to the decay of the state. The true IKs > and IKL > eigenstates 
are parametrized by: 
IKs >= -
1 ( 1 + ~ + ~ ) V2 1-t.:-6 
1 ( 1+~-8) 
IKL >= V2 -1 + ~- 8 
(12) 
(13) 
where € and 8 parametrize the deviation from the CP conserving case and are therefore 
taken to be small quantities. This will justify in the following the approximation where 
the expressions contain their dependence only to first order. Within this approximation, 
by imposing that IKs > and IKL > are eigenstates with eigenvalues Ms = ms- ifs/2, 
and ML = mL - ifL/2 one gets the following relations which express the parameters € 
and 8 in terms of the matrix elements of the Hamiltonian: 
Hn = (Ms + ML)/2 + 8(Ms- ML) 
H22 = (Ms + ML)/2- 8(Ms- ML) 
H12 = (Ms- ML)(1 + 2€)/2 
H21 = (Ms- ML)(1 - 2€)/2 
By inverting these expressions, one obtains: 
€ = ei<Psw( -Jm(M12) + i/2Im(f12)) 
8 = ei(4>sw+1r/2)[M11 - M22 - i(fn- r22)/2]/2h~m 
(14) 
with : rf>sw arctan( f 2~n;, )( ,.._, 45°) and ~m = ms- mL (15) 
S- L 
The expression above shows that € and 8 represent respectively the amount of CP 
(with CPT conservation) and CPT (with T violation) violations due to "mixing", i.e. to 
a modification of the original CP and CPT conserving Hamiltonian. 
The role of € and 8 is clarified by a discussion of the action of CP and T simmetries. 
i) CP symmetry 
The CP operator in the jK0 >, jK0 > basis acts as the Pauli matrix u1: 
IKo >= uli.Ko > 
The Hamiltonian then transforms as: 




( Hu H12 ) f!!; ( H22 H21 ) H21 H22 H12 Hn (18) 
i.e. H12 = H21 and H 11 = H 22 if CP is conserved. 
But M and rare hermitean matrices: 
(19) 
and if CP is conserved M12 and f 12 are real. From eq.(15) one then deduces that if CP 
is conserved € = 0 and li = 0. 
This result is obvious: the question is now to discriminate, in the case where CP 
is violated, if this is accompanied by aT violation (so that CPT is conserved) or by aT 
conservation (so that CPT is violated). 
ii) T symmetry 
Consider the Feynman kernel: 
(20) 
This amplitude describes the time evolution of an initial state li > at time 0 into 
a final state If > at time t. After a time inversion, the state If > starts at time t and 
evolves to the state li > with a time difference which is now -t and an Hamiltonian which 
has the time running backward. The corresponding amplitude is: 
(21) 
where the last equality follows from standard properties of matrix elements. 
lfT is conserved the last matrix element must be equal to the one of eq.(20) where 
states and operators have been transformed with the T operator: 
< fT-liTe-iH(t)tT-liTi > (22) 
One deduces the way the T operator acts on the states and on the Hamiltonian: 
(23) 




i.e., for the matrix elements: 
(25) 
Hermiticity does not further restrict with respect to CPT conservation the off 
diagonal elements. The identity of the diagonal ones implies from eq.(15) li = 0. 
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Summarizing: 
i) CP violation with T violation (and CPT conservation) implies 1J = 0. 
ii) CP violation with T conservation ( and CPT violation) implies € = 0. 
Notice that there cannot be in this case a CPT violation without a CP violation. 
An important restriction on CP violation parameters comes from unitarity con-
straints [7] which are a consequence of probability conservation. kaons disappear into 
their decay products: 
- djdt I < 7/JI-¢' > 12 = L I < FITI'¢' > 12 (26) 
F 
where T is the non trivial part of the S matrix. 
When applied to the generic superposition of IKs >= IS > and IKL >= JL > with 
arbitrary coefficients a and {3, the equation above gives rise to three independent equations 
obtained by isolating terms of order a 2 , {3 2 and af3: 
0:2 
--+ fs = L I< FITIS > 12 
F 
{32 
--+ rL = 2::: I < FITIL > 12 
F 
af3 --+ ( -itlm + (fs + rL)/2) <LIS>= L < FITIL >*< FJTIS > (27) 
F 
The last equation is non trivial only if there is a CP violation: only in this case in 
the l.h.s. < LjS > is different from zero and there can be in the r.h.s. a CP eigenstate F 
into which both IS> and IL > states decay. 
Together with the definition of TJt given in eqn 6 for CP=+l final states, define 
for CP=-1 states. 
• < FITIS > 
"'t = < FITIL > (28) 
Using the dominance of two pions decays ( three pions are phase space suppressed), 
equation (27) can be rewritten as: 
By using: 
( -itlm + (fs + rL)/2) <LIS>= TJ~_rs,+- + TJ~ofs,oo 
! ~s li; ~~ 2Re(€) + 2ilm(S) fs,+- + fs,oo ~ fs "1+- ~ TJoo 
we can see the relation implied by unitarity in the two cases, 1J = 0 or € = 0: 
i) 1J = 0 
2(itlm/fs + l/2)Re(E) = 'f/1r1r 





I Re A I I m A I Re B I I m B II 
II :iT I : I + I + I + II 
Table 2: The CP, T and CPT properties of the !::iS = 1 amplitudes of neutral Kaon decays 
ii)€ = 0 
( -2i)(il::lm/fs + 1/2)Im(li) = T/1r1r t.e. c/>1r1r = arctan(21::lm/fs) + Tr/2 (32) 
The experimental value of c/>1r1r is close to the first solution and suggests that CP 
violation occurs without CPT violation. 
In order to see the second implication of experimental results, the dominance of a 
!::iS = 2 CP violation, we need to consider the alternative source of CP violation besides 
the one due to "mixing": the !::iS = 1 CP violation in K decays [9]. 
For a definite isospin channel I the decay amplitude of K 0 into two 1r can be 
parametrized as: 
(33) 
where 81 is the 1r1r rescattering phase. The one for K 0 can be parametrized correspondingly 
as: 
A(K0 -+ 21r,I) = (Aj- Bj)e(icr) (34) 
If CP is conserved, K 0 and K0 amplitudes are the same; if CPT is conserved they 
are related by complex conjugation (not affecting the phase of the final state interaction 
81 ). Table 2 contains the constraints on real and imaginary parts of A and B implied by 
CP, T and CPT conservation. A non zero value of Bin the amplitude is a signal of CPT 
violation. Notice that in this case CPT can be violated with or without CP violation. 
One can adopt a similar parametrization for the semileptonic amplitudes: 
(35) 
A(K-o +z--) * b* -+ 1r vz = a - (36) 
with identical constraints on a and b complex quantities. 
The relations between the CP, CPT violating parameters and the experimental 
quantities E , e' and AK1 can now be established. 
The case with CP violation and CPT conservation is discussed first, with: 
li = 0 and B( or b) = 0 (37) 
The two pions in the kaon decay can have isospin = 0 or 2 corresponding to l::li = 1/2 
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and !:l.J = 3/2 decay amplitudes. The well known !:l.I = 3/2 suppression for the ratio 
IA2I/IAol :::::: 1/20 justifies keeping such a ratio in the following expressions to first order 
only. 




E' "' ei(o2 -o0 +.,./2) ReA2 [ImA2 _ ImAo]/h 
ReAo ReA2 ReAo 
Ax, 2Re(E) (38) 
By substituting the expression forE of eq.(15) and using the 2 1r dominance in K 0 ampli-
tudes: 
Jmr12 -!mAo 
rs- rL- ReAo 
one finds for E: 
ii/J [ lmM12 !mAo]/ rn2 E::::::e sw- +-- V.t. 
.!:l.m ReAo 
where c/Jsw :::::: 43° :::::: 62 - 60 + 1r /2 from which follows that: 
i.e. E and E1 are almost parallel vectors in the complex plane. 
The ratio E/ €1 is then well approximated by its real part: 
E/E':::::: ReA2 [ImA2 _ /mAo]/[- ImM12 +I mAo] 
ReAo ReA2 ReAo !:l.m ReAo 
since E/ €1 > > 1, if there are no conspiracies in the numerator of eq.( 42), it follows: 
lEI:::::: IJmM12 1 
v'2!:l.m 
i.e.l€1 measures the amount of CP violation due to !:l.S = 2 mixing. 






where B( or b) amplitudes and the parameter 8 parametrize respectively the decay and 
mixing CPT violation. Already the unitarity constraints have told us that CP violation 
is accompanied by T violation. More quantitative tests of CPT violation do not show any 
evidence for it and can be summarized as follows: 
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Re(c::) -1/2AKI = ( -0.6 ± 0.7) 0 10-4 
By separating in the expression for c:: a CP violating and a CPT violating part: 
one finds: 
( 4.0 ± 202) 0 10-2 
the same parametrization for c::', gives: 
( -0.8 ± 11.9) 0 10-4 (N A31) 
(6.7 ± 5.1) 0 10-4 (E731) 
I restate the main conclusion on the kaon system: 
i) the CP violation is essentially due to mixing in the tlS = 2 sector 





In the next lecture we will see if the indications of the experimental data are 
plausible within the standard CP violation model. 
2. Second lecture: the CKM paradigm 
The standard model is a local quantum field theory and conserves CPT [8]. CP vio-
lation implies T violation and roughly amounts to taking complex conjugation of complex 
parameters not restricted by the hermiticity of the Hamiltonian. 
As an example, consider the Higgs sector of the standard model with a single Higgs 
doublet. The potential in this case is of the form: 
(49) 
and has only real coupling and masses. Indeed the hermitian conjugation of the mass 
term ->..v 2 <jJ+<jJ and of the self interaction >..(<jJ+<jJ) 2 amount to replacing>.. and v by their 
complex conjugates and then implies their reality. 
With two doublets one may have a CP violating complex mass term: 
(50) 
Hermiticity just exchanges the two terms without implying the reality of J.L 2 • 
In the standard model with one Higgs doublet, CP violations are confined to the 
Yukawa sector [9]: in the physical quark basis with diagonal mass matrices the violation 




is a unitary matrix obtained as the product of the unitary matrices (V) which digonalize 
respectively the up and down quark mass matrix. 
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The independent parameters of the matrix V for n generations of quark doublets are n 2 
out of which n(n- 1)/2 are angles and the remaining n(n + 1)/2 phases. Some of these, 
2n - 1, can be used to redefine independently left-handed and right-handed fields. The 
subtracted unity is due to a generation independent phase common to left-handed and 
right-handed fields which leaves the Yukawa couplings unaffected. The total number of 
"physical" phases is then (n- 1)(n- 2)/2. 
For three generations one phase survives and the charged current Lagrangian contains a 
complex coupling constant which leads to aT (CP) violation. By using standard expres-
sions for the transformation properties under CP of the Dirac bilinears one obtains: 
Hermiticity instead gives: 
u~ Viil~-<di(W~-<)+ her~icity JiL(Vii)+l~-<ui(Wilt 
The two expressions together imply that if CP is conserved: 
V= V* 
The matrix V is the CKM matrix: 
In the Wolfenstein [15] parametrization takes the form: 

















the parameters A, u turn out to be experimentally of order one. A useful representation 
of the above matrix is obtained by expanding in power series of the small parameter 
A = sin 8 c abibbo: 
(
1-A2/2 A AA3(p-i1J)) 
-A 1- A2 /2 AA2 
AA3(1- p- i17) -AA2 1 
(59) 
where we have also used a standard convention which replaces a polar representation of 
the complex number u e-i.5 with the cartesian one p- i1J. 
The parameter TJ appears in V..b and "Vtd only and at order A 4 • 
The determination of A and u implies measurements involving the B quark, not necessarily 
related to a CP violation. 
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2.1 The expected size of E 
From expression (38): 
(60) 
The quantity I mM12 is proportional to the matrix element between K 0 and K0 of 
the AS = 2 weak interactions effective hamiltonian: 
lm(MI2) = Im < Koi.Cas=21Ko > 
2Mk 
(61) 
The calculation of this quantity involves three basic ingredients: 
i) the resummation of short distance gluon emissions 
ii) the calculation of the hadronic matrix elements 
iii) the values of the CKM parameters 
The weak effective Hamiltonian is a Fermi type interaction normalized by the 
amplitude of the box diagram of figure 5: 
(62) 
where Aboz has the form: 
G~/1611"2 { >.~m~771 + >.;m;f2(Yt)172 
2 +2>.c>.tm~(log( m~) + fs(Yt))77s} 
me 
(63) 
The quantities 771, 112, 773 contain the leading log gluon dressing of the amplitude, >.i = 
Vi. Vi:i and fi are functions of the variable Yt = m; / M~. The diagram with the loop 
variable running below the W mass is superficially quadratically divergent and is made 
convergent after using the relation: 
(64) 
i.e. by the GIM mechanism [10). 
The second ingredient is the calculation of the hadronic matrix element: 
(65) 
The simplest approximation is called the " vacuum insertion": 
(66) 
where fk is the psudoscalar constant. It is customary to normalize the value of the matrix 
element to its vacuum approximation: 
(67) 
The value of Bk requires a non perturbative calculation. 
Lattice estimates in the approximation where internal fermion loops are neglected give: 
219 
II I lattice fermions I a-1 (GeV) I BK(tt) 
Bernard et al. Wilson 2.0 0.76 1.0 ± 0.1 
Gavela et al. Wilson 2.0 0.65 ± .15 0.9 ± 0.2 
Kilcup et al. staggered 3.0 0.62 ± .02 0.83 ± .03 
Kilcup et al. staggered 2.0 0.70 ± .01 .94 ± .03 
Table 3: Lattice results for BK 
Bk = 0.8 ± 0.2 (68) 
The reliability of these calculations has increased in tha last few years. By now 
they pass successfully two important tests: first, they have reached a "scaling regime", i.e. 
they appear to be rather independent upon the artifacts of the space time discretization 
which allows numerical non perturbative calculations, second, the results obtained with 
two different discretizations of the fermion action are consistent with each other. These 
formulation differ by the way the clash on the lattice between chiral invariance and the 
regularization is solved [11]. Chiral invariance is important in the determination of Bk 
because the matrix element is expected to vanish with the Kaon mass in the chirallimit. 
In figure 6 are shown the values for Bk for various values of the lattice spacing in Fermi: 
they flatten in the continuum limit, i.e. when a goes to zero. The consistency among the 
groups using Wilson or staggered lattice fermions is shown in table 3 [17]. The values of 
Bk are originally obtained at a scale tt corresponding to the inverse of the lattice spacing 
and then converted to the physical Kaon mass scale. The quantity contributing to € is 
finally parametrized as: 
(69) 
The third ingredient is the insertion of the correct values of the CKM matrix which 
enter in the expression ( 63) for Aboz. The expressions for the various .A are: 
.A2 - 2iA2u.A6 sin 8 
A4 ..X10[(1- a-cos 8)2 - u2(sin8) 2 + 2iu(1- ucos8)sin8] 
2A2 .A6[1- ucos8 + iusin8] (70) 
While ..x; (of order .A2 ) dominates for the real part of M 12 , for the imaginary part all 
terms .A~, .A~ and AcAt are of the same order (.A6 sin 8). An estimate of the magnitude of € 
is obtained by dividing Im(Aboz) by the size of llm"" Re(Abo:~:): 
(71) 
This shows that the smallness of € is due in the standard model to the hyerarchy of 
generation mixings. The expression for € obtained by collecting all the terms discussed so 
far is: 
1€1 = (2.7 ± 0.7) · 10-3 A2u sin 8[1 + 4.35A2(1- u cos 8)] (72) 
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where we have used a value for the top mass around 180 Ge V. The value of c depends upon 
three quantities: A , u and 8. The first can be obtained from the experimental results for 
the inclusive semileptonic B decays: 
B _. Xcharm V l (73) 
supplied with theoretical models based on a quark-parton picture [12] or on a heavy quark 
effective theory [13]. The independent models agree on a value for jVcbj = 0.043 ± 0.005 
which leads to A = 0.9 ± 0.1. 
Once A has been fixed, one can check if the experimental result for € covers a region 
in the u 8 plane which is allowed by other experiments sensitive to these two parameters. 
The first experiment is the measure of the ratio of semileptonic B decays into charmed 
and non charmed channels, discriminated by the presence of a lepton with a momentum 
higher than 2.3 GeV. Also in this case two theoretical estimates are possible and they 
agree within the errors, giving: 
I vub I _. { u = o.32 ± o.o6 (parton model) 
Ycb u = 0.50 ± 0.09 (heavy quarks) (74) 
leading to an average 
(J = 0.4 ± 0.1 (75) 
The second experiment is the measure of the B 0 - B0 mixing identified from "wrong 
sign leptons" in the semileptonic B decays. Indeed a decay of the type 
(76) 
can only come from a Bd and is a signal of mixing if it comes from a beam of B/s. The 
quantity which is measured is called xd: 
Xd = TB4(~m)Bct 
= TBctG~MBctBBJ~ctTJBm; !2(Y )Jvtdl 2 /(61r 2 ) (77) 
The determination of lvtdl depends upon the knowledge of the B parameter for the 
BBct, well approximated for such a large mass by the vacuum saturation, and of !Bet which 
is estimated by lattice simulations. 
It is difficult to accomodate a heavy-ligth system on a finite lattice which can only span 
a limited amount of energy scales. The present calculations are summarized in figure 7 
where is given a plot of the pseudoscalar constant for meson masses ranging from charm 
to infinite quark masses. The bottom mass region must be obtained by interpolation. The 
most recent analyses lead to: 
fB = 180 ± 40MeV (78) 
A summary of the information on the consistency among different determinations 
of the u and 8 parameters is given in figure 8. The experimental value for c can be well 
reproduced in the standard model. 
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2.2 The expected size of E' 
The value for €1, obtained (if CPT is conserved) from the expression (38), depends 
upon the hadronic matrix elements of the non leptonic effective hamiltonian entering in 
the amplitudes A2 and Ao. Their estimate involves next to leading QCD corrections and 
in particular the contribution of "penguin" diagrams of the type shown in figure 9. The 
line connecting the loop to the quark current can be either a gluon or an electroweak 
neutral boson. In the former case, the diagram renormalizes operators contributing to 
I m( A0 ) only, of the type: 
Lgluon penguin = GFa11T/gluon penguin[S/1-'TadL L qni-'TaqtJ/(127rJ2) (79) 
f=flavourll 
where Ta is a colour matrix, and is suppressed by the ratio Re(A2)/ Re(Ao) ( ~ 1/20). 
Electroweak penguins are suppressed with respect to the gluon penguins by the ratio of 
the corresponding coupling constants but are enhanced by: 
(80) 
They compete with gluon penguins and tend to cancel their contribution, making the 
final balance rather delicate. The present estimates lead to: 
E' 
Re(-) ~ (5 ±4) ·10-4 (81) 
€ 
The CKM paradigm can accomodate very well the observed CP violation: it pre-
dicts no CPT violation, a consistent value for E and a very small value for €1• 
The goals of future experiments are to demonstrate the existence of a non zero €1 / E at the 
level expected in the standard model and the presence of CP violations outside the Kaon 
system. 
3. Third lecture: perspectives at meson factories 
3.1 ~ factories. 
The most precise experiments use interference effects between KL and Ks beams. 
At ~ factories the initial state is a.n odd eigenstate of charge conjugation and so must be 
the superposition of K 0 and K 0 emitted in the 4> decay: 
I Ko (P) > I [(O( -f) > -I [(O (P) > I Ko(-P) > 
IKs(P) > IKL( -P) > -IKL(PJ > IKs( -P) > (82) 
The quantum mechanical effect of the collapse of the wave function operated by 
the measurement process is used for tagging: the observation on one side of a Ks implies 
on the opposite side the production of a KL. 
Da~ne is ~ factory under construction at Frascati National Laboratories in Italy [14] 
with an expected luminosity of"" 5 ·1032cm-2sec-1 leading in a year to the production of 
"'2.2 ·1010 ¢,i.e. of"" 1.1·1010 x+ x- pairs, of"" 7.6 ·109 Ks KL pairs and of"' 2.8 ·108 
TJ· The impact of such a machine on the CP violation problem concerns three aspects: 
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Re( €1 IE) 
the Ks semileptonic asymmetries 
CPT violation 
The general method which will be used is the interferometry between the decays 
of the Ks KL pair into two different final states detected in opposite hemispheres. The 
rate of such a decay is proportional to: 
I < !d2ITI(IKs >1 IKL >2 -IKL >1 IKs >2)!2 
I< ftiTIKs >< !2ITIKL >- < ftiTIKL >< !2ITIKs > 1~83) 
By recalling the definition of T}i =< fiiTIKL > I < fiiTIKs > and inserting the 
appropriate time dependence of Kaon states, one get after a little algebra: 
constant· (ITJ212e-(rstl+fLt2) + ITJ1!2e-(rLt1+rst2) 
_ 2e-(rLH s )(t1 +t2) Re[TJ2TJ; e-iAm(t2 -td]) (84) 
If the state labelled as 1 is a neutral pion pair and the state 2 a charged pair, the intensity 
of the number of events as a function of the time difference between the two detections 





dtl < fd2ITiq> > 12 = 
constant· (1"7112e-rLAt + ITJ212e-rsAt (85) 
+2e-At(rL+rs)/2ITJ2IITJ11 cos(AmAt + <P2- <P1)) 
The third term in the expression above is due to interference. A fit provides the values of 
T}1 and T}2 including their phases. 
The magnitude of the interference term dies exponentially with a slope r sAt: it is mea-
surable only for very short times and then requires an accurate vertex resolution. The 
figure 10 shows the feasibility of such a measure. The ideal curve is smeared with the 
expected vertex resolution of....., 5mm of the Kloe detector which will operate at Dag_)ne. 
It will be possible to reach an error of the order of 1. 7 · 10-4 for the real part of €1 I € and 
of 3.4 · 10-3 for its imaginary part. 
By taking on one hemisphere t1 > > t 2 and by selecting KL decays it is possible 
to perform on the opposite side an accurate study of Ks decays and to access new com-
binations of CPT violation parameters which could rule out the possibility of fortuitous 
cancellations in the CPT violating effects investigated so far. In particular the semileptonic 
charge asymmetry differs between KL and Ks because of CPT violating terms: 
Reb -
2Re€ + [2-R + 2Re8] 
ea 
Reb -
2Re€ + [2-R - 2Re8] 
ea 
(86) 
By measuring the asymmetry one can get an absolute error on the real part of 8 of....., 10-4 • 
The same CPT violating parameter can be obtained from the interferometry technique 
by choosing as states 1 and 2 the two semileptonic channels with opposite charges: 
state 1 = 7r-z+v and state 2 = 7r+z-z; (87) 
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II parameter I expected error /1 
Re6 ±0.7. 10-4 
Im6 ±1 8 ·10-4 
' ~ ±1.9. 10-4 
RP Ro ±2.0. 10-4 ReAn 
11.e 1:12 ±2.2. 10-4 Re A2 
Table 4: Expected precision on various CP violating parameters at Da<)ne 
In this case: 
l111l 2 1 - 4Re8 
l112l 2 1 + 4Re8 
1r- 4Im8 (88) 
Table 4 summarizes the errors achievable for the different CPT violating parameters. 
Notice that an error of the order of 10-4 of the K 0-K0 mass difference relative to 
the Ks-KL mass difference implies a relative precision with respect to the K 0 mass of 
the order of 10-18 , not far from the ratio of the Kaon mass over the Planck mass where, 
maybe, local field theories are inadequate and a CPT violation might take place. <) fac-
tories will improuve by an order of magnitude present measurements on the real part of 
€
1 
/ € and offer a unique window on CPT violating effects. 
3.2 B factories( e+e- --+ ¥4., LEP, LHC) 
These factories are expected to offer large production rates, in particular LHC with 
1012 B /year. The main differences between kaon and B systems are: 
1) many decay channels are accessible; the two pion dominance is absent and the 
mass eigenstates ( called in this case + and -)have similar widths, 
2) the mass difference is of the order of the width, 
3) the ratio 
M;2 - i/2fi2 
M12 + i/2f12 
(89) 
is dominated by the off diagonal element of the mass matrix (which is proportional to m~) 
and then proportional to its phase. The value of EB is then expected to be different between 
the meson Bd and the meson B 11 • In the latter case the box diagram in the top dominance 
approximation is governed by the square of the yt, element of the CKM matrix which is 
real and gives a zero contribution to EB, in the former case, in the same approximation, 
is governed by the square of the vtd element which is complex (vtd = lvtdle-i.8) and gives 
a non zero result. 
The best testing ground for CP violation are B decays into CP self-conjugate states. 
For a state which is a B meson at time zero, the rate for decaying into a final state f at 
time t has the expression: 
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II process I sin( <Pmaumatriz + <Pt) II 
Ed--+ '1/;Ks sin(2,B) 
Ed --+ 71"+7!"- sin[2(,B + 8)] 
E~ --+ '1/;¢ 0 
E~ --+ 71"° Ks sin(28) 
Table 5: Decays which provide information on ,Band 8 angles for different B mesons 
f(B --+ f)e-rBt X (90) 
[cos2 D.mt/2 + I7Jtl 2 sin2 D.mt/2 -I7Jtl sin(¢mau matriz + <Pt)sinD.mt] 
where the complex quantity '17! is defined as usual: 
A(B--+ !) _ i<Pt 
A(B--+ f) = I7Jtle (91) 
If its absolute value is 1, the difference between E and iJ decays is a direct measure of 
the combination of the phase of the mass matrix and of the CP violating amplitude. For 
CP self conjugate states such is the case and, in a simplified picture ignoring penguin 
diagrams which are estimated to give a percent correction, one has: 
A(iJ--+ f)"' VqB "' { e-2i6 ( b --+ u) 
A( E --+ f) - ~B - 1 ( b --+ c) (92) 
Table 5 summarizes the decays which provide information on ,Band 8 angles for different 
B mesons. Among the various detectable final states, the E~ --+ '1/;Ks decay gives a very 
clean signal and it depends mainly upon the size of the angle ,B. A constraint on this angle 
comes from the "unitarity triangle" obtained from the unitarity condition of the mixing 
matrix: 
(vv+)··- 8·· 1J - '3 (93) 
By choosing i = b and j = d one gets an equation which, to first order in A, reads: 
(94) 
and shows that the vectors Vtd,, l'td and AV.:b form a triangle in the complex plane with an 
angle ,B opposite to the side v:b. The value of fB discriminates whether such an angle is 
small or large. Most recent lattice estimates lead to the "small" solution. CP violations in 
E decays can be large because of the absence of suppressions due to hyerarchy of mixing 
angles. The asymmetry in the decay into CP self conjugate states represents a good way 
of determining CP violating parameters and in particular the E --+ '1/;K~ decay leads to 
a particularly clean signal. The unitarity triangle represent an important future check of 
the CKM paradigm. 
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3.3 Open problems 
There are other important domains where CP violation plays a crucial role. 
The ratio of baryon over photon number in the universe, i.e. the matter-antimatter 
asymmetry, needs CP violation. 
The electric dipole moment ( e.d.m.) of electron and neutron violates both T and 
P simmetries: indeed, it must be proportional to the intrinsic angular momentum J of a 
particle: 
(95) 
The l.h.s. is odd under P and even under T while the angular momentum on the 
r.h.s. has opposite properties: then the proportionality constant must be odd under both 
T and P. The experimental values for these quantities are: 
dneutf'on < 1.2 . 10-25 ecm 
delect,.on ( -0.3 ± 0.8) · 10-26 ecm (96) 
In the standard model, the e.d.m. can be parametrized by an effective interaction: an 
explicit calculation shows that d vanishes at one and two loops and needs higher order 
QCD corrections dominated by penguin diagrams to have a non vanishing value, below 
the experimental limit. 
The problem arises if a different source of CP violation is taken into account, coming from 
strong interactions and related to the existence of classical solutions with a non trivial 
topology in QCD. These are known to solve the U(l) problem, by breaking at one loop 
level the conservation of the flavour singlet axial current. The QCD lagrangian should be 
in general corrected by a "topological" term of the form: 
(97) 
where E> is a new coupling constant that, given the quantization of the topological term, 
can be interpreted as an angle. The new term in the QCD lagrangian violates CP: it 
contains the scalar product between the chromoelectric and chromomagnetic fields. The 
value of e can be partly shifted to the phase of the determinant of the quark mass matrix 
and replaced in eq.(97) by 0: 
0 = E> + arg[det(M)] (98) 
where M is the quark mass matrix. The experimental value on the electric dipole of the 
neutron leads to a limit for 0: 
(99) 
a very "innaturally low" quantity. 
Solutions to this problems involve the extension of the standard model to include new 
interactions ( an extra U(l)) whose experimental evidence is still missing. 
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Figure 1: Angular distributions of the observed events near the forward direction in three 
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Figure 3: Charge asymmetry in Ke3 and KP.3 decays as function ofT, the time in the kaon 
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Figure 4: The fit to the interference term of eq.(7) 
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Figure 5: Feynman diagrams for the liS = 2 transition amplitude sd ---t sd. The 'annihi-
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Figure 7: f = fp(mp) 112 as a function of 1/mP taken from re£.[16] 




Figure 8: Allowed regions in the p- 7J plane coming from the measurement of 1€1, Xd and 
the ratio !Vubi/IV~b I 
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Figure 10: Comparison between the theoretical distribution of f:l.t · r s and that obtained 
with a u = 5mm vertex resolution. 
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